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STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH AND DEVELOPMENT 

[0011 The development of this invention was supported at least in part by the United 
States Department of Health and Human Services in comiection with Small Business 
Innovation Research Grants: R43 CA76860. R44 CA76860, R43 CA79225 and R44 
CA79225. Accordingly, the United States Government may have certain rights m the 
present invention. 

BACKGROUND OF THE INVENTION 

(0021 The invention relates to compositions and methods for delivering labeled 
compositions, including compositions labeled with radioisotopes such as yttrium-90 
(Y-90) and palladium- 103_(Pd^03). for^a vanetj^f metojjnd^^^^^ 
i;;^i;ding internal radiatibn Sera^y and embolization with or without the incorporation 
of radioisotopes. For example, internal radiation therapy is successfully used m 
treating autoimmune disorders such as rheumatoid arthritis and a variety of concerns 
such as solid tumors associated with liver cancer, prostate cancer, breast cancer and 



pancreatic cancer. 

[0031 Treatment of arthritis, to date, includes medical therapy, surgery and total joint 
replacement. However, all of these procedures have limitations. For example, medical 
therapy generally targets inflammatory arthritis through a host of chemical agents wrth 
varying degrees of effectiveness, whereas surgical synovectomy is effective treatment, 
but generally last only three to five years before the synovium (inflammed joint tissue) 
regenerates. Clinical trial data indicates that radiation synovectomy of rheumatoid 
arthritis is comparable to surgical synovectomy. In particular, external beam radiation 
synovectomy using e.g. yttrium-90 is effective in suppressing the inflamed synovium 
and relieving pain. In a published survey conducted from 1991-1993, at least 13,450 
different joint injections in 8.578 patients were administered in Europe, and of these 
injections. Y-90 colloids were used in almost 90o/o of the medical centers respondmg to 
the survey. Rheumatoid arthritis was found to be the most prevalent disease in patients 
treated {16%l and knee and finger joints were the most fi-equently treated joints. 46% 
and 20% respectively. However, due to the lack of an appropriate delivery vehicle. 
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confining the radibisotopes to the joint cavity was not achieved and unacceptable 
widespread dissemination of the radioisotope throughout the body occurred. 
1004] Radiotherapy has also found wide applicability in the treatment of various 
tumors. For example, there are many types of solid tumors that are resistant to 
treatment methods other than radiotherapy, such as solid tumors associated with hver. 
prostate, breast and pancreatic cancers. One effective solid tumor treatment includes 
internal radiotherapy by means of intra-arterially injected microspheres. As early as the 
1960s, inoperable primary pancreatic and liver cancer were treated by the intra-artenal 
administration of Y-90 ceramic microspheres (supplied by 3M Company). 
1005] One example of a microsphere using radioactive yttrium is set forth in Day et 
al (U.S. Patent No. 5,011,677) discloses radioactive glass microspheres wherein the 
microspheres are completely non-radioactive until irradiated for use in therapy, and 
becomes radioactive after irradiajonjn a suitj)len^^^^^ 

"Z'TmicT^spheres provide a therapeutically useful dose of radiation and purport to 
prevent leakage, absent surgical removal, the microspheres remain entrapped m the 
patient's body. Similarly, Gray (US Patent No. 6,537,518) discloses radioactive 
microspheres made of ceramic. However, both lack the ability to offer traceabihty or 
other diagnostic function during or after administration of the microspheres. 
Furthermore, Y-90 microspheres, described by both Gray and Day are not prepared by 
directly incorporating Y-90 during the formation of the microspheres. Instead, 
microspheres are prepared using non-radioactive material first. Then, the Y-90 is either 
attached (e.g.. coating) to pre-made microspheres (Gray), or is created within pre-made 
microspheres by means of neutron irradiation (e.g., Day. Gray). 
[0061 Thus, to date, the art has attempted to strike a balance between the chemical 
durability and non-leakage of non-resorbable implants, and the promise of 
bioresorbable implants that do not require surgical removal. Additionally, there is a 
need in the art to provide effective imaging, diagnosis and treatment without the 
interference and health hazards associated with using conductive implants (e.g. gold, 
silver or platinum wire) when using Magnetic Resonance Spectroscopy (MRS) or 
Magnetic Resonance Imaging (MRI). Th.rc still exists a need in the art for an implant 
which permits localized delivery of radioisotopes for radiotherapy, without leakage, but 
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which is resorbable, thereby dispensing with the need for choosing between the 
undesirable choices of either subsequent surgical removal of the implant or leaving the 
implant in the patient. 

SUMMARY AND OB JECTS OF THE INVENTION 

[0071 The invention provides methods of manufacture, treatment and compositions for 
an implant which permits localized delivery of labeling agents for therapy and 
diagnosis. Preferably the labeling agent is a radioactive isotope for radiotherapy 
incorporated into bioresorbable particulates such that there is minimal leakage of the 
radioisotope. 

(0081 Therefore, one aspect of the invention provides a biocompatible implant 
material which is resorbable, yet retains its chemical and physical integrity for a desired 
length of time (e.g., usually 10 half-lives of the longest lived radioisotope in the 
implantX such that ^jradioj^sotope or^ombiriatiorijo^^ _. 
lesiredTite, e.g. localized when implanted into a patient. This timed-bioresorption is 
also useful where implants are used as temporary fluid blockage (embolization) or as 
resorbable filler to permit tissue in-growth while implant bioresorption takes place. 
[0091 Another aspect of the invention provides a resorbable implant material 
comprising a base glass matrix. In another aspect of the invention, the base glass 
matrix is a glass frit, particulate, microsphere, porous microsphere, hollow 
microsphere, microcapsule, fiber, short fiber, small rod, or any other glass particle or 
article. 

(0101 Another aspect of the invention provides an implant material comprising a base 
glass matrix which permits controlled release of radiation into a patient, at a site in need 
of radiotherapy and/or diagnostics through the amount of isotope incorporated into the 
base glass matrix or the variety of isotopes incorporated into the same base glass 

matrix. 

[0111 Another aspect of the invention provides an implant material which permits 
radiotraceability and diagnostics by incorporating desirable gamma-emitters such as 
indium-Ill (In-Ill) or Techhetium-99m (Tc-99m), along with desired therapeutic 
radioisotopes such as Y-90, or pemiits imaging by incorporating imaging enhancer 
agents such as gadolinium (Gd) and/or iron (Fe) for magnetic resonance imaging 
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(MRI), barium (Ba) and/or zinc for radiographical detection such as x-ray 
identification. 

[0121 In another embodiment the radioisotopes (e.g., gamma-emitters and therapeutic 
radioisotopes) are incorporated into the base glass matrix in appropriate ratios (e.g.. 
0.5-5 miUicurie (mCi) of In-Ill per 100 mCi of Y-90) depending on specified dosage 
and/or imaging requirements. 

[013] In another embodiment the implant materials are used to treat a variety of 
disorders. In a preferred embodiment the implant materials are used for radiation 
synovectomy of arthritis, such as rheumatoid arthritis. In another embodiment, the 
implant materials are used in radiation therapy against a tumor such as those associated 
with liver, prostate, breast and pancreatic cancer. 

[014] In another embodiment, the implant is used in radiation therapy against a tumor 

associatedwjtl^ - - - " 

7oi5] The non-conductive implant may comprise resorbable sutures and radioactive 
(e.g., labeled with Pd-103, Cs-131. 1-125, Au-198, Y-90, or Y-90/In-lll) particulates 
(e.g., microspheres, fibers, short fibers, or small rods) which can serve as a 
radiographical marker or x-ray opaque marker for the identification of radioactive 
particulates inside a tumor. 

[016] One embodiment of the invention relates to a radioactive resorbable implant 
material for localized radiotherapy, or radioembolization comprising: (i) a resorbable 
base glass matrix which is biocompatible; (ii) a radioactive isotope or radioisotope 
combination incorporated into said base glass matrix; and (iii) an optional nitrogen-rich 
surface layer formed on the resorbable base glass matrix, the surface layer being of 
greater chemical durability in mammaUan (e.g., human) body fluids than the base glass 
matrix. In another embodiment, the implant material is a non-radioactive resorbable 
implant material for localized therapy or emboHzation comprising: (i) a resorbable base 
glass matrix which is biocompatible and (ii) an optional nitrogen-rich surface layer 
formed on the resorbable base glass matrix, the surface layer being of greater chemical 
durability in mammalian (e.g., human) body fluids than the base glass matrix. 
[017] The resorbable materials of the invention may be used for localized 
radiotherapy (e.g. through injection or surgical implant) in a resoitable implant 
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material comprising a radioactive isotope or radioisotope combination (e.g.. Y-90 and 
to-l 1 1) or in combination with a bioresorbable and/or biocompatible polymer or gel or 
other dispersing media. 

.0181 Another embodiment of the invention relates to a method of mabng 
radioactive r«o,hab.e implant material comprising (i) incorporating a radroactive 
isotope or a combination of radioisotopes into a matrix precursor; (ii) processmg ti,e 
matrix precursor into a biocompatible bioresorbable glass matrix, such as bioresorbable 
glass microspheres, or fibers; (iii) nitriding the surface of said bioresorbable glass 
matrix, if desir^l, to create a durable surface layer for prevention of any prematirre s^ 
of bioresorption; (iv) dispe^ing the bioresorbable glass matrix in a bioresorbable 
and/or biocompatible polymer (e.g., suture) or gel or other dispersing media such as 
iodized lipiodol for desired radioactivity retention and distribution. For applications 
^.^ase of-radioisotopes-is-ha.mfl.l-«at Js^irabl^-^lelayJ-ioresorptu^^^^^^^ 

' desirable lengti. of the initial delay in .he stari of bioresorption is 5 half-lives^ 10 half- 
Uves or increments thereof of the longest Hved radioisotope in the implant, although fl>. 
amount of delay (e.^ half-lives) may be altered based on me selection of radio.sotopes 
and/or their combination. 

(0191 Another embodiment of tire invention relates to a method of makmg a non- 
radioactive resori,able implant material comprising (i) incorporating a marker or 
labeling agent into a matrix precursor; (ii) processing the mah^x precursor mto a 
hiocompatible bioresorbable glass matrix, such as bioresorbable glass microspheres^ or 
fibers; (iii) nitriding the surface of said bioresorbable glass matrix, if desired, to create a 
durable surface lay« for prevention any premature start of bioresorption; (rv) 
dispersing the bioresori,able glass matrix in a bioresorbable and biocompatible polymer 
(eg., suture) or gel or Other dispersing media. 

0201 The resorbable material of the invention may be administer to a patie.,. m 
need of diagnosis or therapy ti^ough inserting (e.g. surgically or through n,ection) the 
resorbable materia, into tt-e patient at a site in need of Uterapy diagnosis. In a preferred 
embodiment, the resortjable material is radioactive. 
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[021] Other embodiments of the invention are described below. It should be 
understood that the various compositions described herein may be used in a variety of 
methods for detecting, analyzing or treating individuals in need radiotherapy. 
[0221 In a fiirther embodiment, the invention provides a resorbable material for 
localized radiotherapy comprising (i) a resorbable implant material containing a 
radioactive isotope, a combination of radioisotopes, and/or elements capable of being 
converted into a radioactive isotope; and (ii) a resorbable and/or biocompatible 
polymer, wherein said resorbable implant material is embedded in said resorbable 
and/or biocompatible polymer. 

[0231 In a further embodiment, the invention provides a surgical implant comprising a 
resorbable implant material containing a radioactive isotope, a combination of 
radioisotopes, and/or elements capable of being converted into a radioactive isotope. 
1024] In a further embodiment, the mvention prov^^^ 
"reswhablT^rmplanTmaterial containing a radioactive isotope or a radioisotope 
combination comprising: (i) directly incorporating a radioisotope, combination of 
radioisotopes and/or elements capable of being converted into a radioactive isotope into 
a bioresorbable base glass matrix during the process of manufacturing the bioresorbable 
base glass matrix; and (ii) nitriding a surface of the bioresorbable particulates, or 
nitriding a surface of the bioresorbable glass matrix and irradiating the nitrided base 
glass matrix to convert selected elements incorporated in the matrix into a radioactive 
isotope (or nitriding after irradiation). 

[025] In yet another embodiment, the invention provides a method of making a 
resorbable implant material containing radioactive isotopes comprising: incorporating a 
predetermined amount of a high energy pure beta emitter (e.g., Y-90. P-32, Ho-166 and 
Sm-153) for radiotherapy and incorporating a predetermined amount of an. appropriate 
energy gamma emitter (e.g., hi-lll or Tc-99m) for imaging or diagnostics. In one 
embodiment, the radioactive isotopes are incorporated directly and homogeneously 
(i.e.. uniformly) into a base glass matrix, and the glass matrix does not need or require 
activation, e.g.. high energy particle irradiation by a neutron beam, an accelerator or 
other means. 
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[0261 In yet another embodiment, the invention provides a method of making a 
resorbable implant material containing radioactive isotopes by incorporating image 
enhancing agents such as iron and/or gadolinium or other agents suitable for MRI 

imaging and diagnostics. 

[027] In yet another embodiment, the invention provides a method of making a 
resorbable implant material containing radioactive isotopes without melting bulk 
glasses. 

[0281 In yet another embodiment, the invention provides a method of makmg a 
resorbable implant material (e.g.. glass), such as solid, porous, or hollow microspheres 
by (a) dissolving all glass components into a solution, preferably an acidic solution; (b) 
forming spherical dry powders; and (c) solidifying the dry spherical powder into solid, 
porous oFhollow microspheres. These steps can be performed as individual steps or 
integ rated in a cpntinugj^^ 



^291 In yet another embodiment, the invention provides a method of making a 
resorbable implant material smtable for embolization of body Huids (e.g., blood) 
comprising: controlling drying parameters, solidification parameters, and m.crosphere 
classification parameters such that a resultant porous or hollow microsphere has density 
close to that of the body Huid to be embolized (usually between 1.0 to 1.2 grams/mL) 
and a dimension appropriate for embolizing the body fiuid passage leading to diseased 



tissues. 



10301 in another embodunent, the invention provides a method of making a resorbable 
implant material comprising: encapsulating desirable radioisotopes into a resorbable 
base glass matrix, and then embedding said base glass matrix into delivery vehicles 
such as bioresorbable sutures, injectable gels, issue adhesives and other media, such as 
synovial fluid, sahne. and iodized lipiodol.. For example, the invention provides 
delivery vehicles comprising poly-l-lactic acid in the molecular weigh, range of 30.000 
,0 500.000. preferably 50.000 to 200.000. or its co-polymers with polymers such as 
polyglycolic acid. 

10311 in another embodiment, the invention provides a method of adm.mstenng 
radiotherapy to a patient comprising inserting the implant material made by any of the 
recited embodiments into a patient, at a site in need of radiotherapy. Sites m need of 
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radiotherapy can include joints, prostate, breast, liver, pancreas, or other sites 
associated with soft-tissue tumors. 

,0321 In another embodtaent. the invention provides for resorbable implant matenal 
comprising a nitrogen rich-snrface layer, wherein said nitrogen rich surface layer 
comprises up to about 1 5 molar % nitrogen. 

(0331 in another embodiment, the invention provides a method of admrntstenng 
radiotherapy to a patient comprising infusing the implant material of any of the rectted 
embodiments into a patient, at a site in need of radiotherapy by suspendmg 
microspheres in viscous medium, preferable pyrogen-ftee 85«/. glyeerol. ,od,zed 
lipiodol or other medium. 

,0341 h, another embodiment, the invention provides a method of administenng 
radiotherapy to a patient comprising real-time monitoring of the implant material of any 
ofLthe recited embodiments..cornprising:.comprising.in&sing-anJmptatJataiLP* 
"pennitting progressive infusion or mini-infusions, permitting relocation of injeehon 
entry poim in between mini-in«rsions for improving delivery of microspheres to 
individual bunor sites, preventing excessive lost or migration of the implant dunng 
infi^ion using real-time monitoring and by allowing early aborting of a procedure due 
,0 real-time monitoring using either gamma imaging or MM imaging. penn,ttmg 
convenient control of total injected activity or dose fraction per individual m,m- 
infiision and cumulative total activity or total dose, 

,0351 In still another embodiment, the invention provides a method of packaging *e 
i„,pUn. material of any of the described embodiments into ImL syringe (or any other 
suitable syringe) permitting easy, multiple mini-inft.ion of precise radioaotmty and 
complete delivery of prescribed activity. 

10361 In still a„ott,er embodiment, the invention provides a resorbable tmplant 
material comprising a resorbable base glass matrix and fimher ^"'P";'"^"-;'''- 
wherein said silicate is based on Na,0 (22.5wt«/0-CaO (22.5wt%)-P=0, (6wto^VS.O. 
(45wt%) or similar compositions where each oxide oontem may vary up to 6wt/, from 
the base silicate. 
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[0371 In another embodiment, the invention provides a method of administering 
radiotherapy to a patient comprising infusing the resorbable implant material of any of 
the recited embodiments into a patient at a site in need of radiotherapy. 
[0381 For each of the recited embodiments, the radioactive isotope or combination of 
radioisotopes is incorporated directly and homogeneously into the base glass matrix at 
the time of manufacture. Incorporation of radioactive isotope(s) at the time of 
manufacture eliminates the need for activation, e.g., high energy particle irradiation by 
a neutron beam, an accelerator or other means. Preferably, the base glass matrix is a 
silicate, a borate, a phosphate or combinations thereof. In a preferred embodiment the 
base glass matrix is a phosphate based matrix. 

[0391 For each of the recited embodiments, the resorbable base glass matrix comprises 
phosphate in combination with one or more of calcium, zinc, iron, barium, sodium. 
strontium , magi^um^aluminu^^ 

rubidium." In another embodiment the base glass matrix comprises phosphate and 
calcium. For each of the recited embodiments, the resorbable base glass matrix may be 
phosphate and may further comprise a calcium metaphosphate (CMP) with a calcium to 
phosphate ratio (Ca/P) = about 0.5, or a calcium phosphate with Ca/P firom about 0.33 
to about 1.67, and more preferably. Ca/P ratio between about 0.33 to about 1.0. For 
each of the recited embodiments, the phosphorus in calcium phosphate may be replaced 
in part or in whole by boron or silicon, individually or in combination. 
[0401 For each of the recited embodiments, the resorbable base glass matrix may 
encapsulate radioisotopes or a radioisotope combination (e.g., mixing Y-90 and In-Ill 
in desirable radioactivity ratios). For each of the recited embodiments, the resorbable 
implant material may contain a trace element such as selenium (e.g., for 
chemprevention or other non-radiotherapeutic functions). For each of the recited 
embodiments, the resorbable implant material comprises an optional nitrogen nch 
surface layer, wherein said nitrogen rich surface layer comprises up to about 15 molar 
% nitrogen, 

[0411 For each of the recited embodiments, the resorbable base glass matrix may 
contain image enhancing agents suitable for MRI imaging and diagnostics such as 
gadolinium and/or iron. 

9 



Agent's File Reference 58768.000006 



[0421 For each of the recited embodiments, the resorbable compositions described 
herein are expected to be able to encapsulate all radioisotopes (natural or man-made) at 
adequate levels of radioactivity for radiotherapy and/or diagnostics. For instance, a 
non-exhaustive Ust of radioactive isotopes includes Y-90, In-Ill, Pd-103, P-32, Ce- 
131 Sm-153, Ho-166, Tc-99m, Yb-169. Au-198, Re-188, Re-186, Ir-192, Lu-177, Ba- 
140 Se-72, 1-131, 1-125, Sr-90, Dy-165, Er, Tl, Sr, and Gd. Preferred combinations 
include Y-90/In-lll, Y-90/Tc-99m, P-32/In-lll, P-32/Tc-99m, Ho.l66/In-lll, Ho- 
166/Tc-99m, Sm-153/In-lll. and Sm-153/Tc-99m. Preferably these radioactive 
isotopes or radioisotope combinations may be delivered in an amount effective for 
radiation synovectomy of arthritis, such as in rheumatoid arthritis or an amount 
effective for radiation therapy of a tumor. 

[043] For each of the recited embodiments, the base glass matrix comprises between 0 . 

_anj, 4 mdar^om?Q/Y-m.o^^^ "^^^^^^ 
in 100 milligrams of said base glass matrix. 

[0441 For each of the recited embodiments, the resorbable material may be for 
instance particulates, microspheres, porous microspheres, hollow microspheres, 
microcapsules, fibers, short fibers, small rods, or such particulates dispersed m 
biopolymers such as bioresorbable sutures, or in biocompatible gels or other media. 
For each of the recited embodiments, the resorbable material is preferably in the form 
of microspheres, such as porous microspheres or hollow microspheres. 
[045] With the foregoing as well as other objects, advantages and features of the 
invention that will become hereinafter apparent, the nature of the invention may be 
more clearly understood by reference to the detailed description of preferred 
embodiments, including the drawings and the appended claims, and is not meant to be 
limited thereby. 

[046] All patents referenced throughout this application are hereby incorporated by 
reference in their entirety to the extent not inconsistent with the disclosure herein. 
BRIEF DESCMPTION OF THE DRAWINGS 

[0471 Figure 1 shows various particles of the invention. Figure 1(A) shows typical 
glass frit of 38 to 75 ^m before spheroidization. Figure 1(B) shows typical 
microspheres after spheroidization. Figure 1(C) shows typical microspheres of 38jxm 

10 
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after precision classification. Figure 1(D) shows .ypical microspheres of 75^m ato 
precision classification. The glass composition for fl,e above particles .s XU30158 
which contains 1 mol% Y2O3. 

[0481 Figure 2 shows fte effect of Y,03 content on the properties of calcium 
metaphosphate glasses. Figure 2(A) shows the glass softening temperature as a 
fimction of Y.0, contents, and the effect of Y,0, on the softening temp=ran«. Figure 
2(B) shows the bioresorption in tenns of percent weight remaining over time andjhe 
effect of Y:03 on a.e bioresorption rates. The label for each line in Figure 2(B) 
represents Y,03 content in mol%. Glass «. of 150 to 300 ,m in size were used for 
these weight loss measurements in (standard) phosphate buffered saline solution. 
10491 Figure 3 shows relative bioresorption rates as ft.nctions of particle size, particle 
shape, and surfacelreatment. "C", "D". and "E" are glass fnt of sizes 38 to 75 ^un 75 
-.^^«e.^r««-S«o-3eOi.mrrespeetivel.y..-¥=^^e„ts-glass^icrospheres^ 

to 75 ^m "L" and "M" are 38 to 75 ^m glass fiit and glass microspheres, respectively, 
after 6-hour tieatment. "O" and "X" are 75 to 150 ^m glass frit and gl^s 
microspheres, respectively, after 18-ho«r treatment Tl,e glasses contain 1 mol/. Y.0, 

and93.5mol%ofCaO + P20s ' .. 

10501 Figure 4 shows the roles of individual oxide components in a calcium phosphate 
glass. Figure 4(A) shows .he effect of Na.O on me base bioresorption rate and 
effectiveness of surface tieaunent. Figure 4(B) shows bioresorption curves for glass 
microspheres, untieated and treated for 6 hours, respectively. Figure 4(A) htghbghts 
the role of Na.O in influencing the base bioresorption rate and the effect of surface 
treannent. while Figure 4(B) highlights the role of ZnO. All microspheres used contatn 
1 mol% Y2O3 and were 3 8-75 urn in size. 

,0511 Figure 5 compares release rates of Y-89 and Ca ftom XLG0157 glass 
microspheres. Figure 5(A) shows the release rates of Y.89. Figure 5(B) shows the 
release rates of Ca. Both Y.89 and Ca release were normaUzed to cumulative ppm m 
100ml in vi7ro solution and 1 gram of microspheres. 

,0521 Figure 6 shows the effective percentage retention of Y.90 in XLG0157 glass 
microspheres based on Y-89 ICP data presented in Figure 5(A). taking into account of 
natural decay of Y-90 witti half-life of 64 hours. 

11 
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10531 Figure 7(A) shows ■nicrosphe.s of 38.75^m in size after 34 days in vi.ro ^ 
37 5=C and Figure 7(B) shows microspheres corresponding U> 4e las. data pom, on *e 
"Na. 6H" line in Figure 4(A). according .0 which *ere had been a 15% weight loss^ 
The effect of surface treahnen. on bioresorpHon rate and mechanism. (A) untreated and 
(B) treated for 6 hours. SEM micrographs (A) and (B) w«e both talcen after 34 days m 
vitro. GlasswasXLG0158andthesizeofmicrosphereswas38-75j.m. 
,0541 Figure 8(A) shows XPS 01s and Nls step profiles of one of the thtcke^ 
nitrogen^ontaining layers on XLGOlOl glass surface after nitriding in ammoma ^ 
5,8-C for 24 hours. Tite insert graph in (A) is nitrogen content in atomic percent b^ed 
on the entire survey spectrum which included all elements in the glass. F.gure 8(B 
Shows the content of bridging oxygen (P-O-P) and non-bridging oxygen m the first 

A surface layer. ^ ^ qa frnm 

_ja55lJigure^o»s_Jhe_4.^entageJeakage_fitjad^^ 

microspheres. . . . j • tVi^ 

10561 Figure 10 is a schematic diagram showing microspheres injected mto the 

hepatic artery. 

DETAILED DESCWmON OF FREFERMD EMBODIMENTS 
1057) The invention provides the use of Umed-bioresotbable implants, preferab y 
particulates such as microspheres or fibers, as a radioisotope delivery sy^ m 
articul.. phosphate glass microspheres containtag a single ^^^^^^^^ 
L Y.90) or a combination of radioisotopes (e.g.. Y.90 and In-Ul) have 
LLfttUy'demonstrated the feasibiUty of timed-bioresorption. h. one em|»^me., 
ealcium phosphate glasses were melted, processed into mic^spheres and eva.ua n 
solutions were analyzed for the release of elements such as yttnum b,oresorpt,on 
of the mic^spheres. and for radioactivity leakage ftom microsph.«s mt ^ 
surrounding medi. The timed-bioreso,tion characteristic of glass 
confirmed with three independent measurements, namely, the weigh, loss of gl^s 
mic^spheres. *e release of chemical or radiological elemcn.s such as yttn^, or Y^. 
and dre analysis of Ure chemical makeup of .he surface layer of .he glass mtcrosphe.. 
Prcotypes of d,e gl^ microsphere spheroidization sehtp and «,e glass mtcrosph^e 
.reaunent ft.mace were configured and tested. Tl-e doping of radioisotopes such as Y- 
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90 In-nl P-32, Pd-103 into selected phosphate glass microspheres was successfcl at 
activity levels suitable for tracer/diagnostics or for radiation therapies. Representahve 
glass microspheres, t^ted and untreated, containing varied levels of isotopes such as 
yttrium were also te«ed and indicated no evidence of toxicity. Stable isotopes are often 
used with their corresponding radioisotopes to achieve chemical evaluation while 
minimizing any mmecessary radiological exposure to personnel perfomnng the 
evaluations. Other aspects of the invention are outlined below: 

(i) The resorbable base glass matrix 
10581 For each of the recited embodiments any suitable resorbable base glass matrix 
may be used. The invention employs bioabsorbable glass compositions wtoch are 
suitable for nitrogen doping. According to the invention. fl>e starting base glass matnx 
can be made ftom materials which are (i) resorbable; (ii) biocompatible; (iii) capable of 
-i„corporatmgiArogenrtiv>.apaM«,rf™c,psu^^ 



(eg by means of suitable irradiation); and (v) capable of retaining a radtoactwe 
isotope (e.g.. prior to base glass matrix being tesorbed). Althou^ not so limtted 
exemplary base glass matrices exhibiting these properties include silicates, borates and 
phosphates. Specific matrix materials which can be used include calcimn phospha^s. 
iron phosphates, zinc phosphates, barium phosphates, or mixed phosphates. The 
preferred material is calcium phosphates where other additives such as yttiium. 
palladium, indium, barium, zinc, gadolinium, and iron can be used to at^us. 
bioresorption rates of the base glass or to render traceability. diagnostic fimction and/or 
therapeutic function of 0» particulate implant. In instances where reactive mtrogen- 
containing species such as ammonia are employed as the vehicle to inCorpo^te 
nitrogen into the surface of particulates, as described below, the base glass matnx 
should not include compounds or elements which would form mtwanted reaction 
products when reacted with nitrogen-bearing species. For example, U,e base glass 
matiix should not contain high content of lead oxides since lead oxide may be reduced 
to lead metal causing implant toxicity. 

.059) Examples of a "base glass matrix" include a glass ffit. particulate, microsphere, 
porous microsphere, hollow microsphere, microcapsule, fiber, short fiber, small rod. 
and other glass particles or articles. 
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[0601 Exemplary composition ranges and design principles are listed in Table 1. 
Glasses were prepared using reagent grade chemicals. Care was taken to use the lowest 
melting temperature possible to minimize volatilization of P2O5, B2O3 from the glass 
melt. 

(ii) Radioactive isotopes 
[0611 For each of the recited embodiments any suitable radioactive isotope or 
combination of radioisotopes may be used. In addition, for each of the recited 
embodiments a radioactive isotope or combination of radioisotopes may be 
incorporated directly and homogeneously into the base glass matrix during the process 
of manufacturing the implant material. Furthermore, for each of the recited 
embodiments, the radioactive isotope or a combination of radioisotopes may be 
incorporated directly and homogeneously into the base glass matrix during die process 
ofmaimfActurinsJhe_b^^^^ " " 

require activation e.g., by high energy particle irradiation via irradiation by a neutron 
beam, an accelerator, natural or other means. It will be understood by those of skill in 
the art that a radioactive isotope or combination of radioisotopes that is incorporated 
"homogeneously" into the base glass matrix will resuh in a uniform distribution of said 
radioactive isotope or combination of radioisotopes in said base glass matrix. 
[062] In another aspect, the invention provides embodiments where a radioactive 
isotope (or a combination of radioisotopes) and an element or elements capable of 
being converted into a radioactive isotope are incorporated directly and homogeneously 
into a base glass matrix during the process of manufacturing. In these embodiments, 
the resorbable base glass matrix may require activation, e.g., irradiation by a neutron 
beam, an accelerator or other means to convert any stable elements or isotopes into 
radioisotopes. 

(0631 Radioactive isotopes that can be used in the invention include yttrium-90 (Y- 
90). strontium-90 (Sr-90). In-lU, Pd-103. P-32, cesium-131 (Ce.l31). samarium-153 
(Sm-153). holmium-166 (Ho-166). technetium-99m (Tc-99m), ytterbium-169 (Yb- 
169), gold-198 (Au-198), rhenium-188 (Re-188), rhenium-186 (Re-186), iridium-192 
(Ir-192), lutetium-177 (Lu-177), barium-140 (Ba-140), selenium-72 (Se-72), iodine- 
131 (1-131), iodine-125 a-125), dysprosium- 165 (Dy-165). or any other suitable 
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radioactive isotope. Proper mixing of radioisotopes is not only pemiissible but also 
desirable. Such mixing or cocktailing of radioisotopes to achieve desired properties 
may be achieved for example, by mixing homogeneously relatively low activity 
radioisotopes such as tracers (e.g. gamma-emitting. In-11 1) with relatively high activity 
radioisotopes for their therapeutic properties (e.g. pure beta-emitting, ¥-90) withm each 
microsphere. Such a combination makes it possible to radio-tiace individual 
microspheres for improving Y-90 activity distribution and Y-90 dose confutation. 
Thus, in the above example. In-Ill acts as tracer while Y-90 delivers the radiation 
dose. In another non-limiting example, the therapeutic radioisotope can be Y-90 and the 
tracer can be Tc.99m. Other combinations include P-32/In-lll. P-32/Tc.99m, Ho- 
I66/In-lll, Ho-166/Tc-99m. Sm-lSS/m-Ul. and Sm.l53Arc.99m. A person skilled in 
the art will readily appreciate other radioisotope combinations can be used. 

Furthejmore^radioiso^^ 
lo^xample Y-90 (radioactive) maybe introduced into base glass matrix in appropriate 
ratios with stable isotopes such as Y-89 such that the total yttrium as chemical species 
are maintained in a given range while Y-90 activity can be adjusted depending on the 
dose requirement. Generally, the radioisotope or radioisotope combination employed 
must satisfy two criteria. First, it must be one which provides a therapeutic dosage of 
radiation for treatment (e.g.. for cancer), and/or radio-traceability or diagnostics, or 
other conditions as described below. For example, it is preferred to have a half-hfe or 
radiation energy range compatible with its use as an implant for therapy and/or 
diagnostics. Second, it must be a material which is compatible with the base glass 
matrix to be effectively encapsulated within it. Since the base glass matrices descnbed 
in Table I can host all of the radioisotopes listed above, or isotope combinations 
thereof, it is expected that essentially all radioisotopes (natural or man made) can be 
encapsulated in one or more base glasses listed in Table I. 

[0641 Optionally, some radioisotopes may be formed by irradiating elements 
contained in the base glass matrix. For example. Au-198 or Ho-166 can be formed 
when natural gold isotope (Au-197) or natural hohnium isotope (Ho-165) is irradiated 
with a thermal neutron beam. 
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(ia)'Nitrogen doping 

10651 For «ch of the recited embodiments of the invention nitrogen doping may be 
used. The pt^ose of nitrogen doping is to create an outer high chemical durabU,ty 
layer on the resorbable material which wiU retain particulate integrity for a penod of 
time corresponding to the effec6ve Ufe of the radioisotope. It will be appreciat«l tW 
tt,e degree to which the base glass matrix is doped with nitrogen will d.p«.d on the 
half-Ufe of the radioisotope incorporated therein. Thus, a base glass matrix contatmng 
a radioisotope with a relatively short half Ufe will require less nitrogen dopmg than a 
base glass matrix containing a radioisotope with a relatively long half life. The goal is 
to provide enough of an outer surface layer of high chemical durability so as to prevent 
premature release of radioactive isotope. 

,0661 In general, a nitrogen rich layer is c«ated by a process involving nitr.dmg the 
.f » hiocomoatible resorbaMebasefemMd^ 



layer of greater durability than the base glass matrix. 

(0671 By "nitriding" is meant either chemically reacting or stmcmrally incotporanng 
nitrogen into the base matrix. 

,0681 By "greater durabiHty" is mean, that the mtrogen-rich surfece layer exhibits an 
increased resistance to aqueous or biological breakdown and dissolution in aqueous 
solutions as compared to the untreated base glass matrix. 

10691 By ••nitrogen rich" layer is meant a layer that includes an amount of mtrogen 
which is greater than th^ found in the untreated base matrix. Generally, the atotmc 
amount of nitrogen incotporated into the surface layer is dependent on the nature of the 
material employed as the base matrix. Thus, certain base matrix matenals can 
incorporate larger amounts of mtrogen than other base materials. For example, sd.con 
nitride (Sim incorporates four moles of nitrogen for every three moles of stUcon. By 
contrast, boron nitride (BN) inc«n>orates one mole of nitrogen for every mole of boron. 
TT,. nitriding of calcium metaphosphate (CaPA or CMP) results in a matrix havmg. as 
the theoretical maximum, two moles of nitrogen which replace three moles of oxygen, 
for a total of 25 molar mtrog«. In pr^ce. most matrix materials would include no 
more than about 25 molar % of nitrogen after me nitriding. Typically, for CMP. the« 
would not be present more than about 1 5 molar % nitrogen. 
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.0701 A person skilled in the art will readily appreciate that the amount of mtrogen 
incorporated into the base matrix to fonn the mtrogen rich layer will depend on fectors 
such as the length of time that it is desired to have an implant retain its structural 
integrity when pla«d in a biological enviromnent. Where controlled release of a 
Urerapeutic agent is desired, obviously the rate at which it is desired to release such 
component will detemrine the amount of nitrogen which is ultimately incorporat«l mto 
me matrix. By virme of the invention, it is generally possible to control bioresorphon 
of the base matrix for a time interval rangmg from as short as two hours to as long as 



one year or longer. . . ♦i, 

,0711 to order to carry out the mtridmg step, the matrix or particulates are treated w>th 
a nit^gen-containing moiety capable of nitriding the matrix or particulates for a tnne 
and temperamre sufficient to provide a nitrogen rich surfece layer of greater durabrhty 
4ban4h^-glass^J:Uhi»egard.uwai«fe«U^^ 



are ammonia gas and a nitrogen plasma 

(iv) Activation of the Lnplant (optional) 
10721 For each of the recited embodiments the base glass matrix may be activated, 

e g by irradiation. If a desi«d radioisotope is not directiy incorporated mto the base 
glass matrix, but an isotope capable of being irradiated is direcUy incorporated m base 
glass matrix instead, the base glass matrix may be activated by hi^ energy partrcle 
illation via aneutronbeam, an accelerator or other means. Obviously, in view of the 
relatively short half life of many radioisotopes, it is desirable to carry out the actrvaUon 
as close as possible to the surgical implanting of the material into a patient. Activation 
is achieved in accordance with techniques well known to persons skilled m the art by 
high energy particle irradiation. For example, Y-89. Ho-165. Au-197 can all be 
activated in a themral neutron beam to Y-90, Ho-166. Au-198 respectively. In some 
embodiments, the invention discloses methods of directly mcorponrting radrorsotopes 
into a base glass matrix, e.g., during the process of manufacturing said base g^ass 
matrix. If all desired radioisotopes are already incorporated directly into the base glass 
matrix, then the activation is optional or unnecessary. For example, micmspheres or 
particulates with both Y.90 and to-lll incorporated wiUrin said microspheres or 
particulates will not require activation. However, the invention contemplates 
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embodiments where a radioactive isotope (or a combination of radioisotopes) and one 
or more isotopes capable of being irradiated are directly incorporated in base glass 
matrix during the process of manufacturing. In these embodiments, the base glass 
matrix may require activation, e.g.. irradiation by a neutron beam, an accelerator or 
other means, in order to convert the one or more isotopes capable of being irradiated 

into radioactive isotopes. 

(v) Insertion of implant into a patient 
[0731 For each of the recited embodiments the implant material may be inserted into a 
patient. The implant containing the radioisotopes is inserted as needed into a patient. 
Contemplated uses of the implant include radiation therapy for treatment of tumors as 
well as treatment of arthritis and other therapeutic needs. For example, the implant 
with or without radioisotope can be inserted as an embolization implant with or without 
.,adioti^apy-^onent.-^B^plants_are_i^^ 
characterized protocols known in the art. 

10741 An exemplary description is given below for liver cancer, prostate cancer and 
arthritis. 

[0751 For liver cancer, microspheres are suspended in an injectable medium such as 
pyrogen-free 85% glycerol or iodized lopiodol and may be packaged in a 1 mL synnge 
(or any other suitable syringe) with appropriate radiation shielding. Microspheres m 
the size range of 15 to 80 (preferably 30 to 60) micrometers in diameter are infused mto 
a selected hepatic artery using the appropriate size catheter (e.g.. between 3 FreAch and 
5 French). The insertion of the catheter, for example, in dogs starts with the femoral 
artery, and proceeds into the aorta and celiac artery, then into selected hepatic artery or 
arteries. Insertion of a catheter in a human patent is similar and the catheter size is 
usually larger. The infusion into the liver can be done in one injection followed by 
flushing and rinsing with saline solution, or the infusion can be administered m 
multiple mini-infusions followed by a mini-saline flush. In either case, the last step 
should be saline flushing in sufficient volume to flush all microspheres out of the 
catheter before catheter retrieval. THe catheter can also be relocated in between mini- 
infusions for improving delivery of microspheres to the tumor sites. Particulates 
lodged in the micro-capillary bed surrounding the liver tumor can deliver therapeutic 
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r^iiation. G^ma enutt«s suoh a. In- 111 provide means of tracking the plac«nent 
and pot«.tial migration of the particulates after infusion. ParUcula.es or mrcospheres 
are expected to remain in the tumor micro^apiUary bed and will then be gradually 
dissolved and carried away by urine or feces. A exemplary diagram of the mfiision ts 
shown in Figure 10. An important advantage of gamma tracers such as In-lU ot Tc 
99m in the microspheres is to provide real-time microspheres distribution. In the case 
of excessive (20% or more, in the judgment of attending physician) microspheres 
shunting to the lung, the infUsion procedure can be stopped, avoiding administrattng the 
entire pre-plamied activity to a patient. This is an important safety feanire. 
[0761 For arthritis treatment, particulates may be suspended in injectable medtum 
such as saline, synovial fluid or other injectable media. The injection may be d«ectly 
into the joints using a small needle or other instrument. The synovial waU or Immg ts 
_™««44o...uaa4he^,articulates^ 
.0 ensure mnform distribution of microspheres within the joint fluid. Particulates or 
microspheres for arthritis are usually small (e.g., less than 15 micrometers, preferably 
,0 5 micrometers in diameter) compared to particulates for Uver cancer (between 15 to 
80 micrometers, preferably 30 to 60 micrometers m diameter). 
[077] For prostate cancer, particulates containing radioisotopes such as Pd-103, Cs- 
131 1-125 Au.198 are not injected or implanted directly as compared to hver and 
artlmtis treamrent It is recommended that for tumor tissues lack of a lodgmg 
mechanism (such as lodging in the capillary bed in the case of a liver nunor) or lack of 
boundaries (such as in the synovial wall or lining in the case of arthnfs). 
either a retaining mechanism is created within the tissue firsVbefore particulates are 
placed, or the particulates be retained within a delivery vehicle. Retaimng *e 
particulates within a delivery vehicle may be prefened to achieve benefits such as 
^ally invasiveness, and less complex surgical procedures. ParticuU.es can be 
embedded in bioresorbable polymers such as polylactic acid or its derivative polymers. 
Polylactic acid or its co-polymers have been widely used as bioresori,able sutu«s m 
surgery. For «<ample. the invention provides delivery vehicles comprising poly+lacuc 
acid in the molecular weight range of 30.000 to 500.000. preferably 50,000 to 200,00 , 
or its co-polymers with faster bioresorption polymers such as polyglycohc ac,d. 
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Continucu. and flexible radioactive ^ mad. by «nbeddi.g rad,oac«ve 

particulars (e.g.. nucrospheres, fibers or small rods) in bioresorbable ^'^^^l 
poly-l-laoac acid), sun.es. or fibers. Such a sun.e may be cut to a par^cular l»g* » 
be placed into the prostate using ess«>tially the same insertion apparatus used for non- 
^rbable titanium shell based prostate seeds, "me bioresorbable polymer composmon 
in the invention will be such that the physical integrity of the polymer will be presen,ed 
.0 retain particulates and the particulate will have no or minimal bioresorpUon brfore 
the complete decay of radioactivity encapsulated within the particulates. More 
preferably, the biodegradation of the polymer delivery vehicle is in ph^ 
bioresorption of the particulates, ideally the complete biodegradation of the polymer 
delivery vehicle will be after the complete bioresorption of the particulates. A person 
skilled in the art will readily appreciate that the use of radioisotopes with short half-Ufe 
_^ aa^u^mXsjnjyaOa^cesJheJ^nefiU^^ 

. , J OA Aaxrc and T-125 in JuU 



radioactivity of Pd-103 is typically considered decayed in 80 days and 1-125 m 300 
days, respectively. Particulates of me invention can serve as radiographica. markers or 
x-ray opa,ue markers for the identification of radioactive particulates instde a tumor, 
h, general, calcium phosphate particulates, especially particulates containing banum, 
and/or zinc, have radiographical visibility. The particuUtes may be m-crosphere^^ 
fibers, short fibers or small rods. Particulates for radio^hical visibility can be m the 
range of 30 to 1000 micrometers, preferably 100 to 1000 micrometer in dramete. 
,»781 Other delivery vehicles include embedding particulates in a biocompatible gel 
which retain or restrict the mixtion of tire particulates, or by adhering par1tc^.tes to 
tissue adhesives for improving distribution of ti,e particulate and for resmcti,^ * 
migration of particuWes. thus achieving higher unifonnity of radio-sotope d,stnbution 
lminimiiradioisotcpe.eakin.0.hernon-ccnductivedeUveryvehic.es.n^^^^^^ 

poly-l-lactic acid in the molecular weight range of 30,0(K. to 500,000, poly-1-.act.c a. 
co-polymers with polyglycolic acid, polydioanone (PDS H). polyglycaprone 25 
«. ..yslactin .0 (Vicryl), phenyletheretherketone « ^.J- 
(PSU). P0.yureti.ane. polypropylene, silicone, polyetttylene terephtiralate (P^ 
^l^ eiire oxide blends (PPO, polyphenylsulfone C^PSU), polye.^er^^» 
^eT) polyphenylene sulfide (PPS), polyefl.«imide (PE«, liquid crystal polymer 
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(LCP). or oombinations fl.er«>f The most important consideration is the dehvery o 
radioactive particulates to targeted location and ensuring that they r«nain there »,.ho»t 
unwanted side effect usuaUy associated with particulate migration. 
.0791 Thus, one embodiment pmvides for pr^tate seeds comprised of bioresorbable 
radioactive particulates and bioresorbable and/or biocompatible polymers (e.g. poly- 
lactic acid or iu co-polymers) both of which are non-conductive (e.g., which eUtnmate 
or reduce ele«romagnetic interference with MRI or other instrumentatton) and 
biocompatible. In this embodiment, the r^oactive particulate is preferably embedded 
in fl,e bioresorbable and/or biocompatible polymer. Tbe particulates are preferably 
fibers (solid or non-solid) or microspheres (solid or «>n-solid). Radioisotope, are 
preferably Pd-103, Cs-.31, 1-125. y-90, Y-90fln-lll, Y-9OTc-99m. Au-198 or otiter 
Ltopes or isotope combinations. A person skilled in the art will readily apprecate^ 

,0801 in anottter embodiment. Pd-103 is dissolved and encapsulated in phosphate 
particulates. Tlte particulates are in «.m embedded on hollow polymer mb^ made of 
U-l-lactic acid in the molecular weight range of 30,000 to 500.000, preferably 50,000 
,0 200.000. The Pd-103 particdates are convenientiy immobilized by heatmg ti.e 
hollow mbes to softening temperature «> "shringe" the n.bes. Radioactive particulates 
can also embedded in polymers using injection molding or extnrsion. Non-conductive 
and bioreso^able prostate seeds have several major and clearly distinct advantages 
over non-reso^able conductive seeds such as titanium seeds which are ootnpnsed of 
encapsulating radioisotopes (e.g.. Pd-103, 1-125) in titanium ti.bes wtth both en^ 
sealed by welding. TT>e advantages of using non-conductive and bioresorbable prostate 
seeds are listed below. While the discussion below uses Pd-103 as an example, other 
^hoisotopes such as Au-,9S, Cs-13.. I-.25 can be used in place o"""'"'- ^^^^ 
. ^Boisotopes ^ are clinically efficacious and have half-lives shorter tt,an that of Pd- 

103 

„8M ,ir-Tir-r-' subsequent urolo^c 
procedures are made simpler since metal components are eliminated and the Pd-103 
Ls are completely bioresorbable. Tbe non-conductive nati-re of timed-btoresorbable 
Pd-103 seeds will have a ^eat impact in post-treatment identification of any pockets 
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ecus in *e pros«e. a .as. *a. ha. b«» very difficul. to P«^°™ 
Speo«,scopy (MRS) in ^ presence of mCallic UUninm seeds due .0 4e .„«rfc««« 
of n^etalUc seeds wi* MR signal (e.ectton,ag„«ic intereference). Non-conduCv Pd- 
,03 seeds will enable physicians » moni«r the mmor post-Team-en, and anucpate tt,e 
need for re-treatment of any MRS-positive voxels. 

,0821 ^lULM ' ntlr-n-™'"-"-"^'^ External 

radiation is a stand-alone treatment option (e.g., requiHng 4-5 sessions » ' 
weelcs to achieve 144 Gy dose), or can be used as pretreatment with seed boos, to 
foUow. Non-conducHve timed-bioresorbable seeds can be used as primary tt.a.m«^t 
vrith extendi beam radiaUon as supplement or "touch up" post-treatment. T-med- 
bioresorbable Pd-,03 seeds are compatible wim one particularly attracnve AC 
electromagnetic body navigation or localization .ech»,.ogy for. directing exter^l ^ 
_^o.^^oold_spats.»phi.Mss....™«^^ 

tt,e prostate can be precisely marked and registered with such a navigation syst«n 
Jung external beam radiation for "touching up." This advanced combmahon ,s 
ideal and is only possible with non-conduetivePd-103 seeds. 

,0831 ^1 ^-nr-- '■i-resomtio.-. The complete bioresorption of the seeds also 
potentially minimize or eliminate the possibiUty of secondary cancer assoc,at^ J* 
permanent titanium seeds. Tim^.bioresort,able Pd.,03 seeds have potenUa. to become 
prefer^d brachytherapy seeds for prostate and other cancers (e.g., breast cancer^ 
;0841 41IJ.Jo,»^...d,andMm^^ Timed bioresorbable prosute seeds 
oan be embedded into bioresorbable PLA (polylactic acid) su.re to ^'"^'^^ 
and continuous bioresorbable composite seed train, which can be cut t^ a ^ 
lengU,. Itis alsopossibletoproduceanindividual seed composite (i.e seed e^^^^^^ 

i„ PLA spacer) to permit intra-operative/real-time dosimetry, smc. the leng* of me 
.pacer portion can be adjusted easily and convenienUy. A -P-'--' 
iLed more conveniently and correctly, and is expected to have less mob hty 
:ta«dtoasepa^eseedandspacer.T.epo.ymerembeddinganatheb.oreso.t.on 

Tf L seeds will completely eliminate the reported high occurrence of permanent 
titanium seed migration leading to puhnonary embolism. 
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10851 -me invention will now be further described with reference to an exemplary 
preferred system, employing calcium phosphate as the base matrix material. 
[086] A)GlassFormulation: 

,0871 Calcium phosphates wiU, a wide range of Ca/P ratio (0.3 to 1.67) are generally 
suitable as matrices for radioisotopes. Calcium metaphosphate (Ca/P = 0.5) was 
employed in me examples which follow for the incorporation of various caUons 
including yttrium isotopes, other isotopes or isotope combinations. Some glass 
microsphe^s prepared contained up to 4 mol% (6.5 wt%) of yttrium (potenttally 
higher) Such a high solubiUty of yttrium in the calcium phosphate microspheres 
permits the deUvery of an extremely hisJt Y-W radioactivity. TTte chemical ytm». 
content in a glass formulation can be maintained at a pre-determined level for 
maintenance of glass properties, and the Y.90 acdvity can be adjusted by y-90 to Y.89 
Ofl^er cations (such as sod iunMronjndzi^^ 



contromng fl>e release of yttrium and in the eventual complete b.oresorptton of 

microspheres. -c a t 

10881 Hie starting calcium metaphosphate (CMP) glass composition is identified (see 

Group I in Table I). 

Table I: Examples of the Glass Compositions 



n 



in 



This design studies the solubility of Y2O3 in 
calcium metaphosphate glasses. Evaluation catena 
includes homogeneity of yttnum in glass, 

crystallization, phase separation, etc. 

This design matrix determined the CaO to P2O5 
ratio varied at 3 levels. Other components and their 
mixing effect were considered in the design matrix 
Effect ofYaOa is also included. Note: R stands for 
Na, Li, K, Ba, Mg, Zn, Sr, Fe, etc. 
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Group 



IV 



Composition (molVo) 

P205 = 30-60 
R20+RCH-R203 = 40-70 

Others = 0-10 
P205+B203 = 30-95 
R2O+RO+R2O3 = 5-70 
Others = 0-10 
J!g05+Si07 =30=95- 



R2O+RO+R2O3 = 5-70 
Others = 0-10 



Design Principle 

This glass composition group mirrors the Group 111 
composition above. The focus was on the 
replacement of Ca in part or whole with other 
elements (e.g., Fe, Gd for imaging or diagnostics), 
and the replacement of Y with other radioisotopes 

or radioisotope combinations (e.g., Pd, Y+In). 
Note: R stands for Na, Li, K, Ca, Ba, Mg, Zn, Sr, 
Fe, Ga, Al, etc. Others include Y, Pd, Ce, Gd, Se, 
Au, In, Ga, Sm, Ho, Er, Dy, Re, Tl, Yb, Lu, I, Tc, 

etc. 



This glass composition group minrors the Group IV 
composition above. The focus was on the 
replacement of P2O5 in part or whole with B2O3. 
Refer to Group IV for R and others. 



jlus^lassxomposition-groupWorsJh&XSroupJV 
composition above. The focus was on the 
replacement of P2O5 in part or whole with S1O2. 
Refer to Group IV for R and others. 



10891 Compositiom of Group n in Table I were fonnulated by introducing ytmum 
oxide into Group I in onler to study the solubiUty of yttrium in calcium phosphate 
glasses Glasses listed in Group HI introduces «lditional consideraHons whtch are 
relevant in the fom,ulation of these glass compositions include mimmtzmg 
volatilisation of phosphorus oxide ftom a glass melt. AU glasses were prepared usmg 
reagent gtade chemicals. AU compositions Usted as Group IV mirror the Group ffl 
compositions. The focus was on the replacement of Ca in part or whole wth other 
elements (e.g., Fe, Gd for imaging or diagnostics), and the replacement of Y wtth other 
radioisotopes or radioisotope combinations (e.g., Pd. Y+In). Compositions Usted m 
Group V and VI mirror those in Group I-IV. The focus in these groups was to replace 
P2O5 with either B2O3 or Si02. 

(0901 R ) rnntrol and Dptection of Badioaotivity Release 

[0911 nie release of yttrium or other radioisotopes was controlled through the 
creation of a durable surface layer (nitrogen rich layer) on the glass microspheres. 
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CoUaborating evidence of timed-bioresorption for some oaloium phosph... 
odcrospheres has been obmined ftom *e weigh, loss measurement, fl-e me^uremen 
y^^ release into « solutions, and in .he chemical profiling of treats, gl- 
surfeces. Fu.«>ermore. radioactivity leached to aqueous soluhon was also measured to 
confirm the release ofradioacUvity release ftom particulates. 
■0921 Various radiation activity and/or dose measurement methods can be employ«i. 
For comparative smdies. counters were used. For example, beta detectors ^rhne 
SHP-380B). beta-gamma detectors (Eberlinc SHP-190A). gamma detectors (Eberlme 
SPA-8) were use extensively in radioactivity release measurement. Radioacfivrty 
Please into urine or blood stream were measured using liquid scintillation analyzer 
(Packard Tri-Carb 2900TR). Other radUtion activity or dose measurement methods 
known by diose of skill in die art may also be used. 

c,.^,., r^-^-^. n„r.hi.itv Enhmr^mt for J^miftn^m CgCttSl- 



10,4, A nitrided particulate surface has been shown to effectively delay me start of 
fl.e particulate's resorption for up to 100 days in vi.ro. and potentially longer. 
,»951 Nitriding kinetics is affected by temperature, time, ammonia partial pressure 
and glass composition. Typically dte partial pr«sure of ammonia is fixed convemently 
a, sHghtly higher than 1 a«,mspheric pressure to permit ammonia flow over articulates 
under tieatment. The time for nitriding was 6 and 18 hour, for each glass compos.tion. 

primary nitiiding temperature was the softening temperamre. wtach wa^ 
detenlined with an indentation method similar to that used for tire drlatometrrc 
softening temperati^e. Tbe higher the nitriding temperanrre. the filter the mtroge^ 
incorporates into the glass. The nitriding temperature and oontaimnent are chosen such 
ti«. undesirable outcomes such as sintering or recrystallization of the part>culates are 
avoided. Resorption rates of microspheres before and after nitrogen dopmg were 
measured to evaluate the effectiveness of nit^gen in enhancing the surface chem,ca^ 
durabiUty of the glasses. Shorter treatinent time is desirable for radioisotopes wrth 
shorter half-Ufe to minimize excessive decayofuseful radioactivity duringprocessmg^ 

,0961 X-ray Photoelectron Spectroscopy (XPS) analysis of the glass samples was 
erfonned for elements such as P. U, Ba. Zn. O and N. Since XPS is a surf^e 
sensitive analytical meti.od, sputtering was used "u, peel off' tiun layers of glass so ti,at 
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XPS depth profiling oo»ld be obt^ed. Chemical profiling of nittided glass snrfi>«s 
was done using larg« pieces of glass cast fton, a glass melt The free surface (..e.. a« 
quenched surfi.ce) was used to represent the suxfi»:e of glass microspheres. The 
sputtering depth for most samples was such that the entire modified surface layer (due 
,0 surface treatment) was "peeled ofT until the nitrogen profile was that of the 
background, that is, the interior of the glass matrix. 

1097) Extending the nitriding treatment time from 6 hours to 18 hours more than 
doubled the initial delay in the start of bioresorption for this calcium phosphate based 
glass (XLG0153 glass). However, longer treatment time causes an mmecessary delay 
of usage, hence decay of radioactivity, particularly if the radioisotope already 
encapsulated the microspheres has relatively short half life. For example, mtndmg 
microspheres contaming Y-90 for 64 hours may create longer delay in the start of 

treatinent. It is preferred to use the highest possible treatment temperature to shorten 
the tieatment time while achieving longer delay in the start of bioresorption. 

,098) Direct cor«,borating evidence of tire effectiveness of tire surface treatment rs 
surface chemistry mea^ment. XPS depth profiling of nitrided glasses indicated that 
mere was indeed a glass surfiK=e layer enriched with nitrogen. Tins layer was typrcally 
10 to 50 A deep. One of the thicker nitrogen-containing Uyers (see Figure 8A) was 
found on glass X1X30101 surface after nitriding in ammonia at S18«C for 24 hours. 
Note that a nit^gen concentration as high as 20 atom % was found in the surface layer. 
Figure 8B also indicates that in flte firs. 15 A surface layer, the content of bndg,ng 
oxygen (P-O-P) is higher, suggesting that nit^gen replaces non-bridging oxygen 
species such as P-OH, P=0. The removal of -OH in a phosphate glass as a result of 
nitriding was also confirmed qualitatively using infrared spectioscopy. 
.099) XPS deptf, profiles can explain the early delay in bioresorption or slow 
bioresorption rate a, the beginning- Microspheres would no. resorb or dissolve until tite 
surfece erosion Since fte surface layer of treated pa,.icula.es has mcreased 

bridging oxygen (P-O-P) and decreased non-bridging oxyg«,. the surface glass layer ,s 
more cross.li,*ed in fte phosphate chain due to ti.e trivalent nati-re of mtiogen. 
.akes a definable period of .ime for tins layer .0 comple.ely hydrolyze before ware, can 
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toU, in.«ior of the particulates. The delay in start of bio«s.rptio^ 
depends on .he thielcness of the layer and the nitrogen doping level in thrs layer. An 
ideal surface layer treatment approach would combine a high '^-''^-'"'''''^^f ^ 
a controllable thickness of surface layer to achieve any predetemuned length of 
in bioresorption. T,. increase in bridging oxygen (P^-P) or the decrease J ^ 
hridg^g oxygen in the surface layer potenUally accounts for the mr.^ -ow 
bioresorption rates for all surface nitrided particulates as seen in F.gure 3, 4 and 5^ 
slower bioresorption rate at the beginning helps to minimize the radioactrvrty leakage 
due to bioresorption. Some sur&ce nitrided calcium phosphate particulat^ (e^g. 
fibers) with par, of me calcium replaced by iron have slow bioresorption rates for o e 
,00 days; this is quite desirable in preventing radioactivity leakage while ensunng tt. 
long-term bioresorption. Ideally, .he« would be no le^ge if the ""-"^"^ 

-.«l.Uadioacti.*<^i^ 

a radioi^tope is considered decayed after 10 half-lives of the r^,o,sotope. In .he case 

of V.90, majority of the radioactivity is decayed after ,5 <'>^. 
11001 Figure 9 shows measured radioacUvi.y leakage &om Y-Ca Fe f B 
Lclsphl Since measured ac«vi.y leakage is essenUally a. the same eve as 
hackgt^und radiation leve. is no significant leakage of V-90 durmg .he fi.. 
4 wl. No.e since Y-90 has relatively short half life (2.7 days), *e« wtU no. be 
significan. acivity leakage if the microspheres start to resorb after 3 U. 4 weeks. 
(1011 D) Bioresorption Of Base Glass Matrix 

1102) The charac.eriza.ion of bioresorption behavior of microspheres .s very 
Licative of the radiation leaching of Y^90 microspheres. Since Y-90 has a very s ort 
half-life (64 hours). Y.90 is considered practically no longer radioactive after 2 to 4 
weeks (Note: Y-90 decays to less ^ 0.03% of i.s initial activi«, after 4 weeks). Mo^ 
of ti,e early screening was also done using glass M. (non-spherical particulates), tns^ 
of gla^ microspheres. Early surface treatments were done using glass ft., as well. Cto 
1. show^ that glass fti. simula.ed ,ass microspheres — » 
oh^.erizing.hera.ofbioresorptionand*e^ec.ofsur.cetie^^^ 

bioresorp.ion. A example is given m Figure 3. The glass w 

XLOO1I3 which conuins I mol% Y.0, and 93.5 mol% of CaO . P.O. and whrch 
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.elcgs . G.UP m in T^.e L The .*.,ed "C" ^ -T 

indistinguishable afte. 6 days. "D^e same genera, agreement was also found 

an „*er glasses when con^aring M. and microspheres of d>e same parfcle s,ze rang. 

U«3, Bioresorptionofglassmiorosphereswaseharao,eri.«.bymom.ormg« 

L of mioro^heres and analyzing U.e ,„ soWon ush,g « Coup.^ 
Plasma (ICP). Glass microspheres were packed in water-permeable bags w.«> op^ 
of 8 Hm. much smaller than microspheres (38-300 ^m). but large enough to «^ 
^^L flow of an . solution into or out of the bags. The >n v,.o m^mm 
Jtion was a phosphate buffered saline, h, general, microspheres w«e .mrn^ed m 
the medium solutions fbr a predetermined period of time a. 37.5 C. T^n * 
n^crosphetes were taken ou. for weight loss de.ermina«on. In medtum soh^ 
^..p^ass— ^r.^^P'^^^^ 

-^tltilesorption determination. Wei^t loss measurements were r^e.^ - ^ 
leas. 10-300/, oftire weight was lost, m glass particles rema.m„g m a.e bag^fa^. 
.ere analyzed for assessing tire biodegr^ation mechanism and mrcostiuctitre^ 
Typically. ti.e in vVro solution votame was fixed a, 100 ml. The amount of glass m 
Typically, .,,„,,. A„to„«tic shaking battB were used to insure 

package was in ttie range 0.8 to 1.2 g. AUiomaiu. . b 

sufBciem medium flow flurough the bags. 

1,04, Analyses of in vitio solutions w«e performed using a Thermo J«rell A* 
LuS^AP hlductively Coupled Argon Plasma aCP) analyzer. The anaayliC pro^ 
^ was similar to EPA Test Metiiods 200.7 "hiductively Coupled Plasm -/^mic 
Emission Spectroscopy Method for Trace Element Analysis of Wateraii^ Wastes 
^ples wL dUuted (when necessary) and acidified to 2 ™.% HHO-^r ; 
in Jduction to the instrument. Acidification of me samples was performed to en.. 
L analyte metal ions would remain in solutio. Acidification was also re,uir^^ 

L the Ition could be compared directly with caUbration standards which have the 

same degree of acidification. 

105, L compositions were desired to provide a wide range of ^resorption 
r. Thestarti„sbaseglasscom^sitio„wascalciummetaphosphate(CMP Groupl 

in Table 1). CMP, a known food additive, is both resorbable and biocompatible. 
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11061 Five glass compositions were designed in a geometric series, with the toghe^ 
Y,03 up to 8 mol%, Usted t. Gtoup U in Table I. The first 4 glass compositio,^ fonn«i 
clear and homogeneous glasses. whUe the last compositions (YA = 8 mol/.) 
crystallized during casting. Our calculations indicate, that microspheres con^mn 
0.25 mol% Y:03 or higher may be used to deliver ahnost any desirable level of y-90 
radioactivity for radiotherapy. For example, more than 50 curies of Y.90 .nay be 
encapsulated in 100 miUigrams of glass which contains not more 0.25 mol/. of 
Since the highest Y:0, conte«. among all the sample glasses spheroidized reached ^ 
least 4 mol%. it is reasonable to expect these glasses to be good mamx for Y-90 to 
deliver, when necessary, extremely high doses of localized radiation, 
1,071 Like other hi^ valence cation oxides, such as A1.0,. Fe.03. the introductton of 
Y.0, into the calcium metaphosphate glasses enhances the cross-linldng between the 

_pi<>,,phM.^hains.^ndi^^ 
the rate of bioresorption. Figure 2(A) shows the glass softening temperah^ as a 
flnrction of Y.O3 contents. There is over a 40«C increase in the softening tempe^ture 
which indicates a significant glass property change at higher Y.O3 contents. Frgure 
2(B) expresses the bioresorptton in terms of percent weight remaining over tmte. Even 
at concentrations of 1 mo.y. or below, the effect of Y:03 on the bioresorptron «te o a 
glass may be observed. See Figure 2(B) for weight loss curves for Y,03 - 0.5 and 1. 
„ol% At 2 and 4 mol% levels of Y.0,. d,e bioreson^tion rates become much slower. 
For example, it takes about 12 days for the calcium metaphosphate glass (..e^a^ 
with Y,03 = 0.0) to resorb completely, while it is likely to take a minimum of 60 days 
for glass with Y2O3 =2.0 to resorb completely. ' 
1,081 The purpose of evaluadng glasses listed as Group ffl in Table I was to obtam 
Le or more glasses that are responsive to the surface treatments. T.e CaO/P^O, rat-os 
in these glass compositions varied 60m below to above that of calcium — 'P^^' 
ttiatisCa/P- 1/2. Whilemanyadditivei„gredien.swereused..hetotalcontentofal 
other oxides was designed to be within the range of 2-15 molo/.. A proper rano of 
^ixed cations such as Na. Ba. Zn. Sr may produce much as a ICO-day delay m 
bioresorption after a nitriding treatment of particulate sur&ce. Glass compos.uons 
Usted as Group HI in Table 1 contain 0.25 to 2 molV. Y.O3. All composmons were 
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melted at a reasonably low temperature (900 to 1300°C), quenched into homogeneous 
glasses, and spheroidized. Several glass compositions out of this group represent 
potentially ideal matrices for timed-bioresorbable glass microspheres. They are 
discussed in detail in the sections to follow. 

[109] As discussed above, in one embodiment, various oxide components are added to 
the base glass matrix to impart one or more additional desirable properties. By 
studying the effects of individual oxide components on the overall glass composition 
(referring preferably to oxides of metals of Group HI and Group IV in Table I), it was 
possible to isolate the effect of individual oxide components, while all other parameters 
were fixed. Each oxide has a distinct role in the design and evaluation of all the glass 
compositions in Group III and IV in Table I. The majority of the oxide component 
studies were designed such that one oxide was to replace the equivalent amount (in 
mol%) of CaO in another glass under stud y. Figure 4(A) shows the effect of Na20 on 
the base bioresorption rate and effectiveness of surface treatment. XLG0155 glass 
contains no Na20. ''No Na, No Treat" line (circle) and ''No Na, 6H" line (inverted 
triangle) in Figure 4(A) represents bioresorption curves for XLG0155 glass 
microspheres, untreated and treated for 6 hours, respectively. XLG0158 glass contains 
NaiO. It was prepared by replacing 2.3 mol% of CaO in XLG0155 with 2.3 mol% of 
Na20. "Na, No Treat" line (square) and "Na, 6H" line (diamond) in Figure 4(B) 
represent bioresorption curves for XLG0158 glass microspheres, untreated and treated 
for 6 hours, respectively. The introduction of NaiO into a calcium phosphate glass, as 
expected, increased the base bioresorption rate (compare curve with circle to that with 
square). The surface treatment was still very effective in controlling the early 
bioresorption rate according to Figure 4(B). Our study indicated that after extensive 
replacement of CaO by NaaO (e.g. 25 moI% or more), the surface treatment created a 
delay in bioresorption of no more than 3 days. 

[110] ZnO both influences the base bioresorption rate and enhances the effectiveness 
of surface treatment. As a result, the delay in the start of bioresorption was extended 
with the addition of ZnO. XLG0168 glass contained no ZnO. *T^o Zn, No Treat" line 
(circle) and "No Zn, 6H" line (inverted triangle) in Figure 4(B) represent bioresorption 
curves for XLG0168 glass microspheres, untreated and treated for 6 hours, 
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respectively. Comparisons were also made with XLG0158 which was prepared by 
replacing 5.6 mol% CaO in XLG0168 with 5.6 mol% of ZnO. "Zn, No Treat" line 
(square) and "Zn, 6H" line (diamond) in Figure 4(A) represent bioresorption curves for 
XLG0158 glass microspheres, untreated and treated for 6 hours, respectively. It may 
be seen from Figure 4(B) that replacing CaO with ZnO in a calcium phosphate glass 
reduced the bioresorption rate. The presence of ZnO in XLG0158, together with 
surface treatment, effectively controlled the early bioresorption. As will be discussed, 
Y-90 leakage is minimal when the early bioresorption may be avoided. 
[Ill] Based on the data presented in Figure 4, one may conclude that by modifying 
calcium metaphosphate with Na20 and ZnO, along with appropriate surface treatment, 
a wide range of bioresorption rates may be obtained. More importantly, one may 
design the length of the initial delay in the start of bioresorption. Roles for other oxides 

(RaO. SrO, MgO , etc.) were similarly studied. 

[112] In order for the glass microspheres to maintain the intended structural integrity 
and exhibit minimal impact from the introduction of Y-90 or decay of Y-90, the yttrium 
level was designed in all of the glasses to be at least 10 to 500 times higher than tiie 
required level of Y-90 in glass microspheres for therapeutic use. This allows use of 
both Y-89 and Y-90 in glass microspheres at any desired ratio while maintaining the 
same overall chemical or structural yttrium level in a given glass. When presence of Y- 
89 is dominant in a glass, the effect of Y-90 on the glass structural integrity and 
bioresorption rate is minimized and predictable. A high Y-89 concentration in a glass 
is advantageous for additional reasons: (a) it enhances the detection of yttrium using 
ICP; (b) the release of Y-89 reflects directly on the bioresorption of the microspheres 
(since ICP measures the Y-89 which comes out of tiie glass); and (c) it avoids costly 
and labor-intensive high dose radiation handling during microspheres development. 
P2O5, Y2O3 and CaO are common oxide components in all the glasses listed as Group 
ni in Table 1. Since the in vitro media contained phosphates, only Y and Ca became 
unique elements. Direct measurement of Y and Ca with ICP offered an independent 
method to validate the large collections of bioresorption data collected using weight 
loss measurement. Ba, Zn and other cation contents were used to supplement Y and Ca 
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data. The discussioh below focuses on selected ICP results for Y and Ca in terms of Y- 
90 retention and bioresorption of glass microspheres. 

[1131 Figures 5(A) and (B) compare the release rates of Y-89 and Ca. While the 
absolute ppm concentration levels in an in vitro solution were quite different between 
Y-89 and Ca (notice the vertical axes in Figure 5(A) and (B)). the relative release rates 
were nearly identical, indicating a uniform bioresorption of glass microspheres. 
Bioresorption rates measured using weight loss were generally in excellent agreement 
with ICP measurement. While ICP and weight loss measurements complement each 
other, ICP is nevertheless the direct measure of Y-90 or Y-89 release. Weight loss 
measurements were effective to monitor the long term bioresorption of microspheres. 
[114] Considering the radioactive decay of Y-90, the effective Y-90 retentions were 
calculated based on the Y-89 ICP data. An example of such calculation is presented in 
Figure 6 using ICP data presented in Figure 5(A). XLG0157 glass micro spheres^ft^ 
surface treatment retained over 99% of yttrium during the first two weeks (See Figure 
5(A)). When the radioactive decay effect is factored in, nearly 99.9% of Y-90 is 
retainable within the microspheres. Microspheres of XLG0154, XLG0158, XLG0I64 
also retained yttrium effectively after they were surface treated. 
[115] There is also SEM evidence on bioresorption of glass microspheres and the 
effect of surface treatment in controlling the early bioresorption rates. Figure 1(B) 
shows XLG0158 microspheres^ 38-75^m in size. These microspheres are shown as 
prepared, without any surface treatment, and before the bioresorption test. Figure 7(A) 
shows the same microspheres after 34 days in vitro at 37.5*'C. The biodegradation, 
i.e., bioresorption, is obvious. These microspheres correspond to the last data point on 
the '"Na, No Treat" line in Figure 4(A). There was about 70% weight loss within 34 
days in vitro, according to Figure 4(A). When the same microspheres were surface 
treated for 6 hours, the early bioresorption was controlled. After 34 days in vitro, most 
of the microspheres were still intact, although the start of biodegradation may be easily 
identified (see Figure 7(B)). Microspheres shown in Figure 7(B) correspond to the last 
data point on the ''Na, 6H" line in Figure 4(A), according to which there had been a 
15% weight loss. Other glass microspheres confirmed the same general trend m 
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bio«son.ti«« rate and meohanism. The surfaoe treatment delayed the start of 
bioresorption in viVro for aU glasses listed in Table I. 
[116] R > Spheroidi^atinti Procey ? C^ontrol 

1117] The feasibility of making calcium phosphate glass microspheres in a restricted 
and radiologically controlled space has been demonstrated. 

[1181 Glasses (e.g., bulk glasses ftom glass melts) which are chemically 
homogeneous were first pulverized and classified into specific size ranges. Fnt larger 
than a specified size may be re-pulverized and classified. To demonstrate the range of 
all feasible microspheres of a given base glass matrix, the bulk glass is pulvenzed and 
classified into 3 major size groups: less than 75^m. 75-150 pm. and greater than 
150^m. These powders were stored under dry nitrogen before the spheroidization 
process. The spheroidization process was carried out by suspending glass ftit in ahigh 

.l,,n,b^ -,n thn- fr- 1^' '""^ '° melt jfljfonnJBhsacaL 

liquid droplets before exiting high temperature chamber. When the liquid glass drops 
were cooled, they soUdified into glass microspheres. For example, gbss powders were 
dropped into a heated vertical tube. As powders fell through the heated zone (usually 
the middle portion of the tube, temperatures were typically 900»C to 1800^0). they 
were heated and melted into individual melted droplets. TT-ese droplets were quenched 
and solidified into solid microspheres when they exited the vertical tube. The length 
a™l the temperature distribution of the heat zone and the additional quenchmg at the 
exit end were adjusted such that aU powders were spheroidized with minimal or no 
overheating and droplet collision. The glass viscosity-temperamre relationships 
provide usefiil infomiation for spheroidizafion. Microspheres produced usmg the 
disclosed method ranges tcom submicron to over 1 mm. 

(1191 Other methods of spheroidizafion are possible for a given phosphate glass 
composition. For example, homogeneous phosphate particulates, especially 
microspheres, are also prepared without melting bulk glasses, hi one preferred method, 
all necessary phosphate glass components are dis«.lved into a chemically homogeneous 
solution (typically acidic solution, e.g. dilute nitric acid). Such solution is firs, 
converted into dry particulates of desired particle mass or size by evaporating part or all 
of Uie volatile components of solution particulates (e.g. atomized solution droplets). In 
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another method, aU necessary borate glass components may also be dissolved into a 
chemically homogeneous solution. In the case of silicate glasses, the solution may 
contain not aqueous solvents and may contain silica colloids homogeneously suspended 
in solution. Further solidification of the dry particulates form solid, or porous, or 
hollow microspheres. Based on well-known powder metallurgy and ceramic 
processing principles, solidification of a spherical particle to spheres require relatively 
lower temperature than that is required to convert glass fiit into glass microspheres. 
Additionally, appropriate control of both the drying parameters and the solidification 
parameters results in desirable densities of the final microspheres by controlling the 
porosities or void space entrapped inside glass microspheres. These example process 
steps (solution, dry powder and solidification) may be performed as individual steps or 
integrated in a continuous succession for a person skilled in the art. In these and other 
methods of DreD«rinp base glass matrices without melting bulk glasses, radioisotopes or 
a combination of radioisotopes may be incorporated. For example, a radioactive 
isotope or combination of radioisotopes may be added to the chemically homogeneous 
solution discussed above. The resultant particulates have the radioactive isotope or 
radioisotope combination incorporated directly and homogeneously within the 
particulate, and does not require additional activation, e.g., by high energy particle 
irradiation via a neutron beam, an accelerator or other means. Individual microspheres 
prepared using the method have a density varying firom lower than that of water (e.g., 
floating in water about 0.4 grams/mL) to the maximum density of the void-fee solid 
glass (about 2.8 grams/mL). For the best dispersion of microspheres by the body fluid 
(e.g., blood, synovial fluid), it is preferred that the density of the microspheres be close 
to that of the fluid (typically 0.4 to 2.0 grams/mL, preferably 0.8 to 1.2 grams/mL), and 
the size be as small as permissible for the therapy or diagnostics. The density of 
microspheres is of particular importance when larger diameter spheres are used for 
embolization of blood flow or the flow of other body fluid. When the diameter is larger 
than 50 micrometers, it is preferred to have the density of microspheres closely 
matching that of the body fluid to be embolized. It is also noted that microspheres 
intended for embolization may not contain radioisotopes. But the combination of 
microspheres and therapeutic radioisotopes in the form of radio-embolization is 
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preferable. The use of a radiotracer such as In-Ill or Tc-99m is also desirable for 
locating the microspheres and/or mapping the flow of the body fluid to be embolized. 
[120] Figure 1 shows typical glass frit (A) of size 38 to 75 ^m, and typical 
microspheres (B) after spheroidization. While it is possible to classify these 
microspheres. into very narrow size distributions such as Figure 1 (C) and (D) for 38 
and 75 microns, respectively, the common size ranges were 5 ^m or less, 5 to 15 nm, 
15 to 38nm, 38 to 75 urn, 75 to 150 jim, 150 to 300 \im, and other size ranges. 
Important properties of microspheres evaluated include the bioresorption rate and 
profile, toxicity, retention of radioactivity, density, etc. Relevant properties are 
measured and selected properties are discussed as non-limiting examples. 
[121] There are several possible ways to prepare glass microspheres. However, 
methods useful for Y-90 microspheres preferably utilize lower processing temperatures 

and keep all radioactive material contain e d throi isho i i t the s pheroic li z ationj)iocess. 

[122] F") Biocomoatibilitv Of Base Glass Matrix 

[123] Biocompatibility studies of yttrium-containing microspheres served as a 
preliminary screening, with a primary focus on the effect of Y2O3 addition to a glass 
and that of surface treatment. Microspheres of two glasses, XLG0168 and XLG0155, 
are listed as examples out of a total of eight tested. All microspheres contained 1 mol% 
Y2O3 and were surface treated for 18 hours. Grade 2 or below is considered non-toxic. 
XLG0168 and XLG0155, along with others, received a grade 0. Microspheres without 
Y2O3 and without surface treatment were not analyzed since biocompatibiUty is 
considered an important factor in glass composition design. The preferred glass 
composition design to ensure good biocompatibility is to understand the potential 
toxicity of each individual glass component, the tolerance level of each component 
within the human body, and the potential release rate of a component into the body 
after implantation. For example, iron (Fe), zinc (Zn) may replace in part or in whole 
the calcium (Ca) in a base glass composition without causing toxicity since the body 
has high tolerance. But the body has less tolerance for barium (Ba), significantly less 
for gadolinium (Gd). In other words, toxicity of glass particulates depends on not only 
glass chemistry, but the cumulating level of given component within the body. 
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Table 



Microspheres 



n; Cytotoxicity Screening of Microspheres Containing Y2O3 



XLG0168 



Material 
Microspheres 



Rounding 



XLG0155 



Negative Control 
Positive Control 
Microspheres 



Negative Control 



Positive Control 



0,0 
80, 80 

To 



80, 80 



% 



Lysis 



0.0 
801^0 
M 
M 
80, 80 



Grade 



0,0 



0,0 



Conclusion 



Not Toxic, Not Toxic 



Not Toxic, Not Toxic 



11241 G) Additional Discussion , ^ „i 

U Th. retention of isotopes su* as yttrium a, the beginning and the evenU^ 
Lplete Woresorpaon of the phosphate glass matrix maice — He Phosp.^ 
basi n.ic«,sphe«s an idea, carrier matrix for radioisotopes such as Y.90 and other 
isotopes disclosed. The results demonstiate: Rh^Vcan 
M261 1) Phosphate glass based particulates (e.g.. microspheres or fibers can 
Lm ge eousl/dissolve sumcien. amounts of y«ri„m (V-8.. Y-90, and — aU 

Of Jerest and ma. be suitable for deliver, of one or m.nple 
combination for radiotherapy and/or diagnostics. Yttrium cotttent may be .^^J. 4 
mol% (6 4 wt%). and potentially higher. Phosphate based glasses are good hosts 
rlisotoies dilsed at suMciently hi^ radioactivity I.e. for radiotherapy 

::::C:.o surface layer of microspheres .ti> chemic. nitrogen can de^ 
L Lt of bior^orption of phosphate based particulate (e.g.. mtcrospher.. fib^^ 
The effectiveness of mtrogen doping is a fimction of glass composition. 
treatinen. atinosphere and treatinent temperantre. Similar — ^ ™^ 
doping is expected in borate and silicate based glasses since mtrogen has been proven 
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.0 have .he abiliV replacing all oxygen in .0 fonn BN. and aU oxygen in SiO. U. 

11281 3) The bioresorption of phosphate particulates (e.g. microspheres, fibers) 
ruro is evid«,. and measurable from wright loss, solution analysis us^ ICP 
miorostmcn^ examinahon using SEM. surftce chemical profiling using XPS, and 
radioactivity measurement &om radioisotopes. 

11291 4) Spheroidization of phosphate glass microspheres may be done at relattvely 
low glass-making temperances m a radioactive materials processing zone. 
[1301 5) Sur&ce treated microspheres containing yttrium are non-toxic. Potential 
contamination ftom chemicals and processing is minimal. . 
11311 Although only preferred «nb«dimen.s are specifically disclosed and claimed 
herein, it will be appreciated that fiuther modifications of the mvendon may be made 
without depaning from the spirit and intended s c o pe of die mventton. . 
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